The vibrational properties of neat liquid N-methylpyrrole were investigated. Quantitative near-infrared and mid-infrared spectra recordings including thin lm MIR transmission studies were performed. Basing on these data the optical constants of N-methylpyrrole in the 12500560 cm −1 region were determined. The experiment was supported by an anharmonic analysis based on MöllerPlesset perturbation theory and density functional theory level of theory, including the hybrid B2PLYP functional. Assignments of numerous bands observed in the liquid phase were proposed basing on potential energy distribution calculations and a comparison of experimental and simulated spectra was presented. The inaccuracy of static calculations in the reproduction of experimental spectrum in the CH stretching region has been observed and explained by the rotation of methyl group. A vibrational spectrum was therefore calculated by the use of CarParinello molecular dynamics method for a better simulation of experimental spectrum.
Introduction
N-methylpyrrole is a substituted heterocyclic aromatic compound which was widely studied with numerous methods.
Infrared investigations were rather scarce, starting from older studies in the 70's [1] to recent IR vapor and absorption studies [2] and uorescence investigations as well [3] . Similarly as its more popular peer, pyrrole, N-methylpyrrole has been subject of a growing number of biochemical investigations, with newest studies focused on polymers and biopolymers [4, 5] . Yet its spectroscopic properties in liquid phase have not drawn much attention.
The main goal of this work was to study vibrational spectra of N-methylpyrrole in the neat liquid phase, which is often more desired in industrial and other practical applications than the spectrum in gas phase or iso- 
Experimental
Thin lm transmission spectra were recorded on a FTIR Bruker IFS 113v spectrometer. Resolution was * corresponding author; e-mail:
krzysztof.bec@chem.uni.wroc.pl N-methylpyrrole exhibits several very strong bands in the MIR region. To ensure a reasonable accuracy of the spectral measurements, extremely thin cells had to be used. Cells with following parameters (Table I) were assembled for the purpose of this study in the MIR and NIR region. [8] ; b ∆ wedge parameter of the cell [8] In the NIR region the spectra were measured on a Varian Cary 5 spectrophotometer. The Raman spectrum was recorded on a Nicolet Magna 860 FT-IR/Raman spectrometer.
N-methylpyrrole (Sigma-Aldrich) was dried and stored over molecular sieves under nitrogen. The density at (115) 298 K was 0.9043 g cm −3 and the refractive index at sodium D line was 1.4859. The measurements were carried out at 298 ± 0.1 K.
Data processing
From the thin lm transmission spectra in whole measured region, the spectrum of both components of the complex refractive index
was determined following the procedure described previously [7] ; i = √ −1 and ν denotes wave numbers [cm
throughout this work. The spectrum was processed as a whole from 12500 to 560 cm −1 . The digitization interval in the NIR and MIR regions was adjusted to 0.5 cm −1 by numerical interpolation. Firstly the experimental k(ν) spectrum was corrected for dispersion distortion. The reference point needed for the preliminary processing of data with the use of dispersion distortion correction procedure was taken at the sodium D line (589.6 nm); this ensures a very good accuracy for the k(ν) spectrum. At the second stage, the n(ν) spectrum was calculated using the modied KramersKronig procedure [7] .
As mentioned earlier, the spectra of the complex refractive index are needed for the determination of high frequency dielectric properties of the studied liquid, which are in progress. Furthermore, a discussion of the absorptive properties of the liquid can be based only on the absorption index spectrum k(ν), since the transmission spectra of thin layers are strongly distorted [8] .
4. Results and discussion
NIR spectra
In order to obtain reliable spectra of the complex refractive index in the entire spectral region, particularly in the MIR range, the spectra in the visible and NIR range had to be measured, too [7] . The studied liquid is completely transparent in the visible range, hence k(ν) = 0 in this region. The complete spectrum of the complex refractive index in the measured NIR range (125003700 cm −1 ), covering the rst and second overtone regions, is presented in Fig. 1 . Fig. 1 . Complex refractive index spectrum of N-methylpyrrole in 125003700 cm −1 range.
As can be seen, the NIR bands are intrinsically extremely weak except for bands in the region 6000 5600 cm −1 . As concerns band positions, they are of no much help for the assignment process, since numerous summation or dierence bands match the observed experimental peak positions. In general, the range between 60005600 cm −1 reects well the doubled 3000 2800 cm −1 region. The analysis of overtones for the studied molecule was not the aim of this work and will not be presented here. However then(ν) spectrum had to be determined in the NIR region, since its knowledge is essential for an accurate determination of then(ν) spectrum in the MIR region [7] .
MIR spectra 4.2.1. General features
The exemplary transmission spectrum is shown in Fig. 2 , while the FT-Raman spectrum is presented in The spectral data will be discussed in detail below, let us only notice here that generally in the k(ν) spectrum the bands are moderately weak, with the most prominent feature at 724.4 cm −1 reaching a maximum value of 0.6.
DFT and MP2 calculation of vibrational spectra
Calculations of infrared spectra were carried out using the GAUSSIAN 09 package [9] . Geometry optimization The resulting potential energy distributions (PEDs) are presented in Table IV . The theoretical spectra are presented in Fig. 7 . In
Figs. 8 and 9 amplied segments of the calculated spectra are presented for a better view of details. As the band model the CauchyGauss product function was employed [12] .
The identication of bands observed in liquid phase spectra, based on a thorough comparison of the experimental k(ν) spectrum, Raman spectrum and the simulated IR spectra are presented in Table V . The band assignment process was based mainly on anharmonic B2PLYP/N07D calculations. However also the harmonic and anharmonic MP2 and B3LYP calculations were used for comparison, and we have chosen to provide them for reference (Table V) . The potential energy distribution was calculated using the Gar2ped package [13] , with the internal coordinates constructed in accordance to Pulay [14] . The selection of modes was based on the dominant PED values.
Generally, as can be seen from (Table V) . Other ranges of N-methylpyrrole spectrum were clearly better reproduced by the anharmonic B2PLYP/N07D calculations, especially the 1500 cm −1 region (Fig. 9) . Basing on these results we propose dierent assignments in this region in comparison with earlier studies [3] .
Still, for all applied methods the agreement with experimental N-methylpyrrole spectrum in the upper MIR range (stretching modes) is poor, both in raw frequencies and even more in relative intensities, resulting in overall dierent shape of simulated spectrum. The described eect was shown in our earlier studies [15, 16] .
However here in case of N-methylpyrrole it is much more noticeable, making identication of CH stretching bands particularly dicult. The reason for this inaccuracy in spectra reproduction is most probably due to relatively free rotation of methyl group, as the barrier to internal rotation of CH 3 group is indeed very small for N-methylpyrrole molecule [17, 18] . Such eect cannot be properly simulated by static calculations. Therefore we applied quantum dynamic calculations to achieve better agreement between simulated and experimental spectra.
CPMD calculations
CPMD [19] simulations were performed. The molecular dynamics simulations were carried out using the ecient CarParrinello propagation scheme [20] as implemented in the CPMD program package version 3.12.2 [21] . 
Identication of bands in MIR region
The nal band identication was based on methods described in Sect. 4.2.2. In the 33502700 cm −1 we observe numerous bands of which only few seem to stem from fundamentals. As stated earlier, the agreement between experimental and simulated spectra is here signicantly lower than in other of investigated regions. However, with the aid of spectra predicted on various levels of theory, the assignment of main bands was possible. In the 1800900 cm −1 range the spectrum is popu- 
